Abstract This paper presents two methods for counteracting the unwanted deflection due to warping or buckling effects, which are serious potential problems in many fabrication processes of microelectromechanical (MEMS) structures due to thin film phenomena. This study is primarily suited for electrostatically actuated RF MEMS switches whose RF and DC performance can be significantly deteriorated by out of plane warping. It can also be applied to MEMS accelerometers, resonators and other similar systems. The first technique focuses on modifying the support structure and the spring constant of the switch, while the second involves a more complicated fabrication process, which selectively increases the switch thickness. Both these techniques yield switches with two to ten times less warping under the same fabrication conditions. The second method, however, presents the additional advantage of maintaining the actuation voltage almost unaffected.
I. INTRODUCTION
W 5 TITH ever increasing demand for low power wireless systems, the need for microelectromechanical (MEMS) components is on the rise.
Due to their extremely low power consumption and negligible intermodulation distortion, RF MEMS are emerging as a promising alternative to solidstate devices. In particular, MEMS switches with very low insertion loss and high isolation have already been reported [1] , [2] , [3] , [4] and have been successfully integrated with reconfigurable antennas [8] , filters [5] and phase shifters [6] , [7] .
Nevertheless, the performance of these devices can significantly be compromised by fabrication issues such as the adverse effects of residual stresses. Warping and buckling are among the most severe and frequently occurring problems. Furthermore, RF MEMS switches usually face more severe stress problems because of the extensive use of high intrinsic stress metals. Additionally, requirements for reasonably low actuation voltages frequently impose specific limitations on the switch thickness, thus making flat structures more difficult to obtain.
These issues are usually treated by ameliorating the available technology and improving the understanding of the stress issues involved in the specific fabrication processes. In addition, there are also relatively simple design techniques that can significantly contribute to this effort. It is the purpose of this paper to present two of these methods for a previously developed RF switch [1] For instance, the spring constant for the switch at hand is dominated by the four meanders shown in Fig. 1 . The effect of these meanders in the warping of the total structure was theoretically and experimentally investigated by designing, fabricating and measuring switches with eleven different meanders shown in Fig. 2 .
The complete fabrication process of the switch is described in [1] . However, the steps that primarily determine the stress distribution on the switch is the seed layer deposition and the nickel electroplating of the moving structure. A combination of these that resulted in significant residual stress were utilized in this study. The same seed layer (evaporated Ti/Ni 1500/500 A) and Ni solution maintained at constant temperature and pH levels were employed for all the switches. In addition, all switches were electroplated at 5 mA/cm2 for a total thickness of 2.5 ,um. Fig. 1 shows two of these switches with meanders (a) and (g).
The warping level -defined as the maximum vertical distance between any two points of the moving structure-was measured for each switch with an optical microscope. Fig. 3 summarizes the obtained results by averaging over many switches for Fig. 3 . Average measured deflection for switches using different meanders.
The switch shape under residual gradient stress was also theoretically validated using SUGAR [10], a system-level analysis tool for MEMS simulation and design developed by the Berkeley Sensors and Actuators Center. Fig. 4 shows this switch shape under a residual stress of 150 MPa/,um. This picture accurately illustrates the switch shape under this specific stress. Although significant improvements can be observed to the deflection level by using different meander sections, it is clear that their spring constants varies. Intuitively the stiffer meanders result in less warping, but also in higher actuation voltage, if ideal conditions were to be considered. Therefore, a compromise is necessary and the solution can be found if both these factors are considered. Table I summarizes the spring constants for the meanders considered in this investigation. These values were computed by a commercially available finite element analysis (FEA) software [11] . For simplicity reasons, each meander was simulated with the same boundary conditions as a simple cantilever rather than a guided-end cantilever, which is closer to the actual structure. Nevertheless, since the goal is to compare their spring constants, this simplification is an acceptable approximation. However, the spring constant of the actual meander will be approximately four times higher than the one reported in Table I [9] . Fi- nally, the width of the meanders was increased by 1 ,um in the simulations to accommodate for the width increase during the plating process. The information conveyed from both Table I and Fig. 3 should be considered in determining the meander type to be used for minimum warping and spring constant. For example, meander (g) is ten times stiffer than (a) and, as a result, the actuation voltage would be increased by a factor of 3.3. However, the warping level for the switches with meander (g) is six times lower than those with meander (a) and thus they eventually have lower actuation voltage. Indeed, the measured voltages for switches with meanders (a) and (g) were approximately 75 and 40 V respectively. On the other hand, although meanders (d) and (e) are 2.8 and 4.2 times stiffer than (a), they do not contribute a significant improvement to the total warping level of the switch (see Fig. 3 ) and they should not be used with this type of switch. The actuation voltages for these switches were measured higher than 70 V.
III. SECOND TECHNIQUE: SELECTIVE ELECTROPLATING
The results of the previous section indicate that the meander design is one of the factors that determine the unwanted deflection of the switch due to residual stress. The other major factor is the switch thickness. In other words, thick switches show far less unwanted deflection than thinner ones. Nonetheless, the spring constant of a cantilever beam is proportional to the third power of its thickness, t, [9] and thus the actuation voltage is proportional to t3/2.
Although the actuation voltage depends on the meander thickness, it is theoretically independent of the actuation pads thickness. Consequently, the thickness of the three plates shown in Fig. 1 can be increased while keeping the meander thickness at a minimum.
For the switch design at hand, this can be accomplished by selectively electroplating parts of the switch. The plating process is as follows. After the anchor points are defined, 2000 A of Ti are sputtered followed by 500 A evaporated Ni. This seed layer is patterned and plated to 2 ,um in a Ni solution at 50 C for about 30 min. This first plating defines both the four meanders and the three movable plates of the switch. After thoroughly removing the photoresist, another lithography is performed. This new photoresist is etched only on top of the movable plates and not on the meanders. Then the sample is electroplated again under the same conditions for another 4-5 ,um. As a result, the main switch structure is 6-7 ,um thick, while the meander thickness remains constant to 2 ,um. The seed layer is then etched and the sacrificial layer is removed in hot PRS2000. Finally, the sample is dried in a supercritical CO2 process.
Although the process was in general successful, after many iterations it was found that the adhesion between the two plated Ni layers was poor and should be improved. This adhesion problem was addressed by plating only a frame of the switch during the first plating. Then the second layer of plated Ni sticks to both the seed layer and the first plating. This technique considerably improved the adhesion between the two Ni layers and resulted in an extremely high yield (higher than 98%).
This process was experimentally validated by fabricating switches with 2 ,um thick meanders and 6 ,um plate thickness. A typical switch is shown in Fig. 5 . The measured warping level was 1-2 ,um independently of the meander type used and a typical actuation voltage is shown in Fig. 6 . with thick plates and thin meander IV. CONCLUSION Two methods for alleviating the unwanted deflection caused by residual stress in RF MEMS switches have been reported. The first technique yields switches with up to six times less warping by compromising the switch spring constant. The second one improves the switch warping up to ten times by selectively thickening these parts of the switch that do not affect its actuation voltage. Although the proposed methods have been demonstrated for a specific switch and fabrication process, they can readily be applied to many others. 
